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Canine Follicle Stem Cell Candidates Reside in
the Bulge and Share Characteristic Features with
Human Bulge Cells
Tetsuro Kobayashi1,2, Toshiroh Iwasaki2, Masayuki Amagai1 and Manabu Ohyama1
The hair follicle bulge has attracted great interest as a stem cell repository. Previous studies have focused on
rodent or human bulge stem cells, and our understanding of those in other species is limited. In this study, we
attempted to localize and characterize stem cell candidates in canine hair follicles. The canine skin xenografting
study located label-retaining cells in the outer root sheath around the insertion point of the arrector pili muscle,
where the immunoreactivity of human bulge markers, keratin 15 and follistatin, were detected. Canine bulge
cell-enriched keratinocytes up-regulated human bulge biomarkers CD200 and DIO2, and conserved key cell
regulators of bulge stem cells, such as SOX9 and LHX2. Importantly, canine bulge-derived keratinocytes were
highly proliferative in vitro and, when combined with trichogenic dermal cells, reconstituted pilosebaceous
structures as well as the epidermis in vivo. Successful detection of canine specific DNA sequences suggested
that the regenerated tissue was of canine origin. In addition, canine specific bulge cell and sebocyte lineage
markers were expressed in reconstituted pilosebaceous units, implying the multipotency of canine bulge cells.
Our findings demonstrate a unique strategy utilizing canine bulge cells to investigate human stem cell biology
and intractable hair disorders that involve the bulge region.
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INTRODUCTION
Hair follicles cyclically regenerate themselves throughout the
life of an animal, suggesting the presence of tissue specific
stem cells (Paus and Cotsarelis, 1999; Fuchs et al., 2001;
Alonso and Fuchs, 2006). In 1990, Cotsarelis et al. identified
epithelial stem cells, represented by slow-cycling label-
retaining cells (LRCs), in the bulge region of hair follicles
(Cotsarelis et al., 1990). Since then, intensive studies have
been performed to elucidate the biological characteristics
of bulge cells, including high proliferative capacity in vitro
and multipotency to regenerate hair follicles, sebaceous
glands and the epidermis in vivo for reviews see (Cotsarelis,
2006; Ohyama, 2007; Blanpain and Fuchs, 2009). Recently,
global gene expression profiles for mouse and human bulge
cells have been reported (Morris et al., 2004; Tumbar et al.,
2004; Ohyama et al., 2006). Many genes, including keratin 15
(K15) (Lyle et al., 1998; Liu et al., 2003; Morris et al., 2004),
were up-regulated in both mouse and human bulge cell
populations. However, some key genes, including CD34, were
differentially expressed in bulge cells between the two species
(Ohyama et al. 2006). These findings suggested that an
alternative experimental material might be necessary to
investigate the properties of human bulge cells not observed
in their mouse equivalents. However, our understanding of
follicle stem cells in other species is extremely limited.
Canine adult anagen primary hair follicles are morpholo-
gically similar to human anagen hair follicles in terms of size
and structure (Kobayashi et al. 2009). Some breeds of dog
have pelage hair follicles with a long-lasting anagen phase,
comparable to that of humans (Scott et al., 2001a). In
addition, dogs can also develop most major human hair loss
disorders (Scott et al., 2001b; Tobin et al., 2003; Gross et al.,
2005a; Frank, 2006; Mecklenburg, 2006). These findings
suggest that canine hair follicles could represent a valuable
material for the investigation of human hair follicle biology,
including stem cell characteristics.
In the present study, we attempted to locate stem cell
candidates within the canine hair follicles and assess their
biological properties, focusing on their similarities to human
bulge cells. This study delineated the localization of LRCs
in canine hair follicles, to the best of our knowledge, which
is previously unreported and represents the organized
characterization of canine follicle stem cell candidates.
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RESULTS
The anatomical location of LRCs in canine hair follicles
resembled that in human hair follicles
The LRC technique to detect slow cycling cells in vivo has
been widely accepted as the most reliable methodology to
identify adult tissue stem cells (Bickenbach and Mackenzie,
1984; Cotsarelis et al., 1990; Braun and Watt, 2004). Yet,
continuous whole-body 5-bromo-20-deoxy-uridine (BrdU)
labeling is not practical in dogs. To probe LRC distribution
in canine hair follicles, a canine skin xenografting model was
developed. In this model, a piece of full-thickness back skin
was grafted onto the dorsal aspect of a nude mouse. The rate
of successful graft adaptation was nearly 90%. Hair shafts
were shed approximately 1–2 weeks after grafting and started
to regrow (Figure 1a), suggesting that the telogen-anagen
transition during which bulge stem cells incorporate BrdU
took place before the reappearance of shafts. Four weeks of
continuous BrdU administration followed by an 8–10-week
washout period enabled the detection of BrdU-labeled cells
in nearly 50% of hair follicles in canine skin grafts. Unlike
that in mouse, the bulge region could only be recognized as a
subtle swelling of the ORS, both in canine and human hair
follicles (Akiyama et al., 1995; Ohyama et al., 2006;
Kobayashi et al., 2009) (Figures 1b and c). In anagen canine
primary hair follicles, LRCs were predominantly observed in
the outermost layer of the ORS around a little protuberance
that provided the insertion point of the arrector pili muscle
(Figures 1b and c). This anatomical location of LRCs was
mostly identical to that in human anagen hair follicles (Lyle
et al., 1998; Ohyama et al., 2006). Interestingly, LRCs were
also observed in the secondary hair germ at the bottom of
telogen hair follicles (Figures 1d and e). In addition, a small
number of dermal sheath cells in the anagen inferior follicle
were also labeled with BrdU (Figure 1a). Those LRCs could
represent stem/progenitor cells responsible for the regenera-
tion of the dermal component of hair follicles during hair
cycling (Ohyama et al. 2010).
Both human-specific and conserved bulge biomarkers were
up-regulated in bulge cell-enriched canine hair follicle
keratinocytes
To delineate the molecular characteristics of canine bulge
cells and, more importantly, assess the similarity between
canine and human bulge cells in terms of gene expression,
quantitative real-time PCR analyses were performed. Because
a definitive marker that enables the isolation of canine bulge
cells is yet to be identified, a conventional microdissection
approach was adopted to enrich canine bulge cells. In canine
hair follicles, positive staining for the bulge marker, K15, was
observed in the outermost layer of the ORS between the
insertion point of the arrector pili muscle (highlighted by
positive alpha smooth muscle actin staining in Figure 2a) and
the sebaceous gland, similar to the distribution of K15
immunoreactivity in human hair follicles (Figure 2a). In line
with this, K15 gene expression was overrepresented in the
bulge cell-enriched P3 fragment of microdissected hair
follicles (Po0.05) (Figures 2b and c). In addition, CD200
and DIO2, recently identified human specific bulge cell
markers (Ohyama et al., 2006), were up-regulated in P3
keratinocytes 3- and 8-fold, respectively (Po0.05) (Figure
2c). Interestingly, follistatin, a more specific human bulge
marker than K15 (Ohyama et al., 2006), was also detected in
the canine bulge area (Figure 2d). These findings indicated
that some human specific bulge markers are similarly
overrepresented in canine bulge cells.
Recent elegant transgenic approaches have demonstrated
that several transcription factors, such as Sox9, Lhx2, Tcf3,
and Nfatc1, are crucial for the development and maintenance
of mouse bulge stem cells (Vidal et al., 2005; Nguyen et al.,
2006; Rhee et al., 2006; Horsley et al., 2008; Nowak et al.,
2008). Intriguingly, all of these genes were over-represented
in bulge cell-enriched P3 keratinocytes derived from dogs
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Figure 1. The anatomical location of LRCs in canine hair follicles resembled
that in human hair follicles. (a) A canine skin xenografting model allowed the
detection of BrdU label-retaining cells (LRCs) in canine hair follicles. (b, c) In
anagen hair follicles, LRCs (arrowheads) were predominantly detected in the
outermost layer of the outer root sheath around the insertion point of the
arrector pili muscle. This anatomical location of LRCs resembles that in
human anagen hair follicles. (d, e) In telogen hair follicles, LRCs were
detected in the bulge (d) and in the secondary hair germ (e). Scale
bars¼ 100mm for b, 40mm for c–e.
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and human. The difference was statistically significant for
SOX9, LHX2 and NFATC1 in both species (Po0.05)
(Figure 3). Of note, the upregulation of SOX9, a key molecule
that defines the biological distinctiveness of the bulge stem
cells (Nowak et al., 2008), was the most evident, with the
lowest average P-value of 0.002. In addition, SOX9 and TCF3
gene expression patterns were tightly correlated between
canine and human follicles (r¼ 0.98, Po0.05, Pearson’s
correlation coefficient test). Thus, canine bulge cells share
some crucial gene expression profiles with mouse and human
bulge stem cells.
Bulge cell-enriched canine follicle keratinocytes demonstrated
high proliferative capacity in vitro
To address whether the canine bulge region harbors highly
prolific cells, keratinocytes were collected from individual
microdissected fragments from a single canine anagen
primary hair follicle (Figure 4a) and cultured. Use of only
one hair follicle as the material could significantly improve
the resolution of the analysis, compared to our previous study
(Kobayashi et al., 2009). After 2 weeks in culture, both P1
(bulbar) and P3 (isthmus, enriched for the bulge cells)
keratinocytes, but not P2 (suprabulbar) or P4 (infundibulum)
keratinocytes, formed colonies (Figure 4b). Importantly, the
average size of P3 colonies was 1.6-fold larger than that of P1
colonies (Figure 4c). Most P1 colonies were small and
irregularly shaped, while P3 colonies were predominantly
composed of uniform and compact cells with smooth and
circular perimeters (Figure 4d), suggesting that they were
derived from ‘‘holoclones’’, the putative keratinocyte stem
cells (Barrandon and Green, 1987). On average, 61.3±4.2%
of P3 colonies, but only 21.9±2.3% of P1 colonies, satisfied
the criteria for holoclone colonies (43mm2) (Figure 4e).
Similar to those in rodents and humans (Blanpain et al., 2004;
Morris et al., 2004; Ohyama et al., 2006), the canine follicle
bulge region contained a significantly higher number of
holoclones than other hair follicle regions (Po0.05).
Next, a passage study was conducted to assess if canine
bulge cells possess the long-term proliferative capacity of
stem cells (Blanpain et al., 2004; Claudinot et al., 2005).
Three independent experiments consistently demonstrated
that bulge cell-enriched isthmus keratinocytes could maintain
their proliferative capacity longer than other keratinocyte
subsets (Figure 4f). On average, the isthmus keratinocytes
could be passaged for 7.7±0.7 generations, while the
epidermal, and other hair follicle keratinocyte subsets were
passaged for 4.0±1.0, 1.3±1.3 and 3.7±0.3 generations,
respectively (Figure 4g). Thus, bulge cell-enriched canine
follicle keratinocytes are endowed with long-term in vitro
proliferative capacity (Po0.05).
Patch grafting of canine bulge cell–enriched keratinocytes and
trichogenic dermal cells regenerated complete pilosebaceous
structures and the epidermis
Elegant lineage tracking experiments demonstrated that
rodent bulge stem cells could repopulate not only hair
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Figure 2. Upregulation of human bulge cell biomarkers in canine keratinocytes enriched for bulge cells. (a) Keratin 15 immunoreactivity (red) was
observed in the bulge area (arrowheads) of canine hair follicles. Arrector pili muscle was highlighted by alpha smooth muscle actin staining (brown)
(b) Canine anagen hair follicles were microdissected into four fragments: P1 (bulb), P2 (suprabulbar), P3 (isthmus including bulge), and P4 (infundibulum).
(c) Keratin 15 and the human specific bulge markers CD200 and DIO2 were up-regulated in bulge cell-enriched P3 fragments (*Po0.05) (P3). (d) Follistatin,
a human bulge specific marker, was also expressed in the canine bulge area (arrowheads). SG, sebaceous gland; APM, arrector pili muscle. Scale
bars¼ 100mm for a, 80 mm for d. Mean±SEM; n¼ 3.
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follicles, but also sebaceous glands and the epidermis (Taylor
et al., 2000; Oshima et al., 2001; Tumbar et al., 2004). To
probe the multipotency of canine bulge cells, patch grafting
hair reconstitution experiments were performed. First,
freshly-isolated male canine isthmus keratinocytes, enriched
with bulge cells, were combined with cultured canine dermal
papilla cells and transferred into the subcutaneous space of
nude mice. Two weeks later, hair shaft-like structures were
observed (n¼4) (Figures 5a and b). Neither the grafting of
keratinocytes nor dermal papilla cells alone formed such
structures (n¼2, respectively). The neonatal mouse dermal
cells demonstrated potent trichogenic capacity in trans-
species hair reconstitution (Weinberg et al., 1993; Ehama
et al., 2007). Thus, we next mixed cultured male canine
isthmus follicle keratinocytes with neonatal mouse dermal
cells and grafted subcutaneously in nude mice. In this assay,
evident hair follicle structures were observed in the cystic
bodies formed in the subcutaneous space (n¼ 4) (Figure 5c),
while epidermal or dermal only preparations did not form
any hair follicle structures (n¼ 4, respectively) (Figure 5d).
Histologically, reconstituted hair follicles demonstrated ana-
gen follicle structures with sebaceous glands (Figure 5e).
Contiguous epidermis was also regenerated (Figure 5e).
Interestingly, about 40% of regenerated hair follicles were
larger than other reconstituted mouse-size hair follicles,
although they were much smaller than canine primary hair
follicles (Figures 5f and g). PCR analysis successfully detected
a canine-specific Y chromosome DNA sequence (Olivier and
Lust, 1998) in the regenerated tissue, suggesting that it was
of canine origin (Figure 6a) More importantly, canine mRNA
of the bulge markers K15, CD200 and follistatin, as well as a
sebocyte lineage marker, peroxisome proliferator-activated
receptor gamma (PPARG) (Tontonoz et al., 1995) were
detected in reconstituted pilosebaceous structures (Figure
6b), suggesting that canine bulge cells contributed to
the reorganization of the bulge region and sebaceous glands.
These findings provided supporting evidence for the multi-
potency of canine bulge cells.
DISCUSSION
Hair loss disorders represent one of the most frequently
encountered canine dermatological disorders (Scott et al.,
2001c; Gross et al., 2005b). Despite its clinical importance,
the biology of canine hair follicles and their stem cells is not
well characterized. Thus, we initiated the present study by
defining the distribution of putative canine follicle stem cells.
A lineage tracking study confirmed that mouse bulge LRCs
could give rise to all cell lineages of the hair follicle,
supporting that LRCs in the bulge represent bona fide stem
cells (Tumbar et al., 2004). The anatomical distribution of
LRCs in canine hair follicles resembles that in human hair
follicles (Lyle et al., 1998; Ohyama et al., 2006). In addition,
some canine LRCs were found in the telogen bulge as well as
in its descendant, the secondary hair germ (Ito et al., 2004;
Tumbar et al., 2004; Greco et al., 2009). Probably because of
low efficiency of BrdU labeling in a human xenografting
model (Ohyama et al., 2006), LRCs have not been success-
fully detected in the secondary hair germ in human hair
follicles. However, canine and human secondary hair germ
show similar K15 immunoreactivity, implying that these cells
originated from bulge cells (Lyle et al., 1998; Kobayashi
et al., 2009). Thus, the canine hair follicle could also provide
a useful model to study the poorly characterized mechanisms
of bulge cell trafficking (Oshima et al., 2001) in human hair
follicles.
A series of microarray analyses revealed both similarities
and differences in global gene expression profiles between
mouse and human bulge cells (Morris et al., 2004; Tumbar
et al., 2004; Ohyama et al., 2006). Of note, CD34, a specific
marker of mouse bulge stem cells, is underrepresented in
human bulge cells (Ohyama et al., 2006; Poblet et al., 2006;
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Kloepper et al., 2008). Also, in canine hair follicles, CD34
expression was not specific to the defined bulge (Kobayashi
et al., 2009). This observation implied that canine bulge cells
were biochemically more similar to human bulge cells than
mouse bulge cells. Up-regulation of human specific bulge
biomarkers, CD200, DIO2 and follistatin (Ohyama et al.,
2006) in bulge cell-enriched canine keratinocytes further
supported the biochemical similarities between human and
canine bulge cells. We are aware that the present approach
alone could not accurately limit CD200 and DIO2 expression
to the canine bulge. An in situ hybridization study to further
localize CD200 and DIO2 expression within the middle
follicle fragment is in progress.
A microdissection–real-time PCR approach demonstrated
the upregulation of SOX9, LHX2, TCF3 and NFATC1, key
regulators of mouse bulge cells (Vidal et al., 2005; Nguyen
et al., 2006; Rhee et al., 2006; Horsley et al., 2008; Nowak
et al., 2008), in both human and canine bulge cell-enriched
keratinocytes. In addition, Lgr5, a recently identified marker
for highly proliferative, multipotent cells residing below
the bulge (Jaks et al. 2008), was also overrepresented in the
canine counterpart (data not shown). Presumably, the
molecular mechanisms that define/support the characteristics
and fate of follicle stem cells are preserved across the species.
There has been some debate regarding whether in vitro
colony-forming assays could address the in vivo proliferative
capacity of a tested population (Ohyama et al., 2006).
However, a recent report substantiated the linear correlation
between the in vitro and in vivo proliferative capacities
of keratinocytes (Terunuma et al., 2007). Competitive colony-
forming assays revealed that bulge cell-enriched canine
keratinocytes possess the highest proliferative capacity in
canine skin. In addition, the anatomical location of the highly
proliferative cells resembles that reported for human hair
follicles (Rochat et al., 1994). To what extent the LRC
population actually contributes to this high proliferative
capacity remains unclear. The identification of a cell surface
marker for canine bulge cells is an important step in
addressing this question, and CD200 might be a promising
candidate.
The ability to repopulate all of the cell lineages of the
pilosebaceous unit and the epidermis represents the most
distinctive feature of bulge stem cells (Taylor et al., 2000;
Oshima et al., 2001; Tumbar et al., 2004). Because tissue
regeneration, including hair follicle reorganization, requires
intensive and cooperative interaction between epithelial and
mesenchymal components (Ohyama et al., 2010), dermal
cells with high hair inductive capacity are necessary to fully
assess the multipotency of canine bulge cells. In this regard,
neonatal mouse dermal cells with potent trichogenic capacity
(Weinberg et al., 1993; Ehama et al., 2007) are more
appropriate for the patch assay than canine dermal papilla
cells, which could have their trichogenicity impaired in
culture. In fact, the co-grafting of male canine isthmus
keratinocytes and mouse neonatal dermal cells successfully
regenerated the complete pilosebaceous structures with
contiguous epidermis. The size of the reconstituted hair
follicles was much smaller than that of canine hair follicles,
suggesting the crucial role of the trichogenic dermal
component in defining the hair follicle phenotype (Ohyama
et al., 2010). Interestingly, about 40% of regenerated hair
follicles were larger than other mouse-size hair follicles. It is
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possible that some form of signaling between the canine
keratinocytes and mouse dermal cells may have contributed
to this phenotypic variation. To confirm that the regenerated
epithelial components were of canine origin, we attempted to
detect canine specific signatures. We successfully amplified
canine-specific Y chromosome fragments from hybrid hair
follicles and, most importantly, detected the expression of
canine specific genes characteristic of bulge stem cells and
sebocyte-lineage markers in reconstituted pilosebaceous
units. These findings indicated that canine bulge cells had
indeed regenerated, at least in part, pilosebaceous structures,
including the bulge and sebaceous glands. However, we are
aware that the present approach could not precisely localize
canine cells within the reconstituted tissue. Establishment of
valid approaches to visualize canine derived cells would
further confirm the multipotency of canine bulge cells.
In contrast to canine follicle keratinocytes, co-grafting of
human keratinocytes and mouse neonatal dermal cells only
gave rise to ‘‘hair follicle-like’’ structures (Ehama et al.,
2007). Considering that in vivo hair reconstitution assays
recapitulate hair follicle morphogenesis (Zheng et al., 2005)
and the biological similarities between canine and human
bulge cells, canine bulge cells could provide a useful tool to
uncover the role of human bulge genes in hair follicle
morphogenesis and regeneration.
The application of canine bulge cells is not limited to stem
cell biology or regenerative medicine. Scarring alopecia is a
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Figure 5. Patch grafting of canine bulge cell–enriched keratinocytes and
trichogenic canine/mouse dermal cells regenerated complete pilosebaceous
structures and the epidermis. (a, b) Co-transplantation of canine isthmus
keratinocytes and canine dermal papilla cells formed hair shaft-like structures
(arrowheads). (c) Combination of canine isthmus keratinocytes and mouse
neonatal dermal cells successfully regenerated hair follicles. (d) Neonatal
mouse dermal cells alone could not regenerate hair follicles. (e) The
reconstituted tissue contained complete anagen follicle structures with
sebaceous glands and contiguous epidermis. (f, g) Both mouse-size (arrow)
and larger hair follicles (arrowhead) were observed in the patch structure. KC,
keratinocyte; DP, dermal papilla; SG, sebaceous gland. Scale bars¼ 40 mm for
(b), 80 mm for (e), 250mm for (f), 300mm for (g). (b), (e), (f): Hematoxylin and
eosin staining.
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group of hair loss disorders in which targeted destruction of
bulge stem cells causes permanent hair loss (Cotsarelis, 2006;
Harries et al., 2009). Several transgenic mouse models for this
condition have been reported (Ito et al., 2005; Karnik et al.,
2009). However, these models were bioengineered to
eliminate bulge stem cells and hardly reflect the true
pathophysiology of the diseases. Dogs can suffer from
scarring alopecia (Gross et al., 2005a). In particular,
autoimmune cell-mediated destruction of the bulge region,
similar to that observed in human scarring alopecia, was
described in canine isthmus mural folliculitis (Gross et al.,
2000). Canine bulge cells might be used to better understand
the mechanisms underlying human intractable alopecia.
Research on canine bulge stem cells has just begun. As
described above, further investigations are necessary. Mean-
while, canine bulge stem cells hold promise for more than
just canine tissue engineering. They represent a valuable
material for the investigation of human stem cell biology and
hair disorders.
MATERIALS AND METHODS
Canine and human skin samples
Canine skin samples were surgically collected from the lateral dorsal area
of healthy beagle dogs (3–4 year old) under local anesthesia and sedation
and kept at 4 1C in 10% FBS Dulbecco’s Modified Eagle Medium
(DMEM; Invitrogen, Carlsbad, CA) containing penicillin and streptomy-
cin (Roche, Basel, Switzerland) for no more than 12hours. Human scalp
samples were obtained from the surgical removal of benign skin tumors.
All experimental procedures were officially approved by the Institutional
Review Board and carried out in accordance with the ethical guidelines
of Keio University and Tokyo University of Agriculture and Technology.
All human donors provided written informed consent in adherence to the
Declaration of Helsinki Guidelines.
Canine skin xenografting model and label-retaining cell
detection
Full thickness canine skin pieces (1 2 cm) were grafted onto
BALB/c nude mice and fixed with bandages. Five days after grafting,
BrdU (Sigma-Aldrich, St. Louis, MO) was continuously administered
for 4 weeks at 0.4mg/day (total dose¼ 11.2mg) by intraperitoneal
injection. The grafts were harvested after an 8–10 week chase period
and embedded in OCT compound (Sakura Finetek, Tokyo, Japan)
at -80 1C until sectioned. Frozen transverse sections were stained
with anti-BrdU-peroxidase Fab fragments (Roche) to detect BrdU
incorporation, as previously described (Terunuma et al., 2003).
Immunohistochemical staining
Frozen canine skin sections were stained following a standard
immunohistochemical staining protocol. In this study, an anti-
human keratin 15 monoclonal antibody (clone LHK15, Chemicon
International, Temecula, CA) and anti-human follistatin monoclonal
antibody (R&D systems, Minneapolis, MN) were used to stain canine
bulge structures. Detailed procedures are described in the Supple-
mentary Materials and Methods online.
RNA isolation and real-time PCR analysis
Canine and human anagen hair follicles were mechanically isolated
from canine skin and human scalp samples and microdissected, as
previously described (Kobayashi et al., 1993, 2009; Rochat et al.,
1994). Details are described in the Supplementary Materials and
Methods. Total RNA was purified from each fragment, using an
RNeasy Micro Kit (QIAGEN, Hilden, Germany). Conditions for the
real-time PCR are also provided in the Supplementary Materials and
Methods. All primers are listed in Supplementary Table 1.
Colony-forming assay
Full-anagen central primary hair follicles were exclusively used for
this analysis. This assay was performed following a previously
described protocol of competitive colony-forming assay for canine
keratinocytes. (Kobayashi et al., 2009). Details are also provided in
the Supplementary Materials and Methods.
Long-term passage assay
For the long-term passage assay, the above protocol for the
colony-forming assay was adapted with minor modifications. See
Supplementary Materials and Methods for details.
Patch assay
Patch grafting assays were performed as described previously (Zheng
et al., 2005; Osada et al., 2007). Briefly, bulge cell-enriched canine
keratinocytes were mixed either with first passage cultured canine
dermal papilla cells or mouse neonatal dermal cells, and grafted
subcutaneously into nude mice. Details are provided in the
Supplementary Materials and Methods. The regenerated cystic
structures were harvested for histological investigation and DNA
and total RNA isolation.
Canine specific gene detection
The cystic structures were harvested from the subcutaneous space of
nude mice and carefully microdissected to isolate the pilosebaceous
structures. DNA or total RNA was extracted and PCR analyses were
performed. Protocols are described in detail in the Supplementary
Materials and Methods.
Statistical analysis
Details are provided in the Supplementary Materials and Methods.
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